Interfacial orbital preferential occupation induced controllable uniaxial magnetic anisotropy observed in Ni/NiO (110) Unexpected physical phenomena could emerge at heterostructure interfaces, and interface effects are also capable of giving rise to magnetic anisotropy. In this work, a peculiar uniaxial magnetic anisotropy in (polycrystalline Ni)/(epitaxial NiO)/SrTiO (110) heterostructures is investigated. Thickness dependence of the anisotropy confirms its interfacial effect nature. The NiO antiferromagnetic ordering induced interface exchange coupling should not be responsible for the anisotropy according to the temperature dependence. Our soft X-ray linear dichroism and magnetic circular dichroism results
magnetoelectric effects in multiferroic heterostructures, and oxygen octahedral coupling between perovskites, interface effects could also give rise to properties that each of the adjacent components does not possess, such as high-mobility twodimensional electron gas at the interface of two insulators, which could also exhibit superconductivity and magnetism.
Interface engineering has already become a tantalizing subject, by working on which we can obtain abundant knowledge of basic physics concealed in heterostructure interfaces and develop new ideas for designing devices based on interface effects, which are applicable in future spintronics.
Interface effect induced magnetic anisotropy has also been a permanently attractive topic for researchers. Interface spin exchange interaction has become the first considered mechanism for interface magnetic anisotropy, which links the anisotropy of adjacent magnetically ordered components. For example, in exchange biased AFM/FM systems, magnetic anisotropy of ferromagnetic layer is controlled by anisotropy of AFMs through interface exchange coupling. Interfacial charge effect has been proposed as an origin of magnetic anisotropy in (Ga,Mn)As diluted magnetic semiconductor systems, in which the magnetic anisotropy is linked to the carrier concentration. Strain effect has also been put forward to explain various magnetic anisotropies in epitaxial thin films, which are under the constraint of substrate lattice. Epitaxial growth of thin films could provide not only strain-induced anisotropy, which will be relaxed several tens of nanometers away from the interface, but also magnetocrystalline anisotropy, which will persist when the film thickness increases. Besides well-investigated exchange bias effect and strain-induced anisotropic magnetism, recently some new interfacial magnetic coupling mechanisms have been proposed in perovskite heterostructures. Z. Liao et al. direction is defined as θ. The NiO layer shows epitaxial growth on the SrTiO (110) substrate and the Ni layer exhibits a polycrystalline nature without visible texture, which is confirmed by X-ray diffraction patterns (Fig. 1b) and scanning transmission electron microscopy (STEM) cross-section images of the heterostructures (Fig. 1c) 
Results
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design) measured results presented in Supplementary Fig. 1 indicate a hard axis in outof-plane direction and isotropic saturated magnetization in different directions. To probe into the interface coupling origin of this uniaxial anisotropy, we investigated the film thickness dependence and varied the thickness of NiO from 0 to 24 nm and the thickness of Ni layer from 10 to 60 nm. substrate, which could impose tensile or compressive epitaxial strain to the NiO layer, cannot change the uniaxial anisotropy significantly ( Supplementary Fig. 4 ).
Figure 2
Thickness dependence of the uniaxial anisotropy. a NiO layer thickness dependences of the easy axis coercive field As NiO is a typical antiferromagnetic material, if the magnetic moments of (110) According to the sum-rule of XMCD spectra , the non-identical integrated area of NiO moments at L and L edges indicates a finite magnetic moment with both orbital and spin components. These spectroscopic results are consistent with the conclusion that the observed easy axis along [001] (Fig. 1d) has the origin that the spin-orbit coupling and interface exchange interaction connect the preferential occupied Ni ionic orbitals with the magnetic moments in Ni metal. heterostructure designing, where a uniaxial anisotropy is required. Two applicable methods are also presented to control the anisotropy axis in ferromagnetic layer/NiO heterostructure and may be quite useful for future spintronics devices, which expect to utilize the tunable in-plane uniaxial magnetic anisotropy.
Thin film fabrication
The NiO layer was synthesized by a pulsed laser deposition method, using a KrF excimer pulsed laser (λ = 248 nm) with a repetition rate of 5 Hz and an energy density of 1.4 J/cm .
The deposition temperature and ambient oxygen pressure were controlled at 650 °C and 50 mTorr, respectively, and the distance between the NiO target and substrate was set at 8 cm, resulting a growth rate of 0.8 nm/min of the NiO thin films. After the NiO film deposition, the samples were transferred into a magnetron sputtering chamber with a background vacuum better than 3 × 10 Torr. DC sputtering was employed to grow the ferromagnetic metal layer and a Pt cap layer to prevent oxidation. Ferromagnetic layers were grown with a power of 40~45 W and a substrate temperature of 300 °C (growth rate 1.5 nm/min). For the Ni Co alloy films, according to the requested atomic ratio, fanshaped Co target with central angle corresponding to the Co atomic percentage was placed on Ni target to achieve the nominal film compositions. After the ferromagnetic layer growth, the samples were cooled down in high vacuum and a 2 nm Pt cap layer was grown at room temperature with a DC power of 10 W. The substrate rotation was applied to avoid any sputtering incidence induced anisotropy. The as-deposited NiO films have a roughness of about 200 pm and after Ni deposition, the roughness of the samples is below 1 nm.
Characterization
The phase composition and the epitaxial relationship to the substrate of the thin films were characterized by a Rigaku (Tokyo, Japan) SMARTLAB X-ray diffractometer with Cu Kα radiation. Microstructure characterization was carried out by a STEM (JEOL ARM200CF). SQUID and MOKE (magneto-optic Kerr effect, NanoMOKE2, quantum design) were employed to characterize the magnetic properties. The MOKE system utilizes a laser of 633 nm wavelength and the spot size is around 5 μm. Room temperature soft XAS measurements were performed at the Beamline BL08U1A of Shanghai Synchrotron Radiation Facility, using the TEY mode. The normalization procedure of the XAS spectra is applied by dividing a factor and setting the L pre-edge as 0 and the L post-edge as 1. 
